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Abstract
A 3-D curvature contrast effect has been reported in shading-and-texture-defined (Curran & Johnson (1996). Vision Research
36, 3641–3653) and in stereoscopically defined (te Pas, Rogers, & Ledgeway (2000). Current Psychology Letters: Brain, Behaiour
and Cognition 1, 117–126) stimuli. Our experiments show that a clear 3-D curvature contrast effect also occurs in motion-defined
stimuli. The magnitude of the effect is similar in motion-, stereo- and shading-and-texture defined stimuli, suggesting that the 3-D
curvature contrast effect is shape-based.
We find a distinct contrast effect that is similar in the case of inducers that contain second-order (curvature) information and
in the case of inducers that contain only first-order (slant and tilt) information. The effect with inducers that contain only
zeroth-order (depth) information is very small. We conclude that the first-order structure is sufficient to induce a 3-D contrast
effect. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Visual perception is often based on relative, rather
than absolute, measures. This means that the global
aspects of a scene such as layout and geometry can
influence the perception of local object properties like
depth, attitude and curvature. Clear examples of such
influence are simultaneous contrast effects. Contrast
effects can be found in stimuli that are defined by
different cues such as luminance, motion and disparity.
They can also be found in a wide range of geometrical
properties like depth, slant and curvature (e.g. Gibson,
1933; Cornsweet, 1970; Anstis, 1975; Graham &
Rogers, 1982).
In this paper, we address the 3-D curvature contrast
effect, the phenomenon whereby a curved object looks
less curved when it is surrounded by one or more
heavily curved surrounding objects. A 3-D curvature
contrast effect has been reported for shading- and
texture-defined surfaces (Curran & Johnston, 1996) as
well as for stereoscopically defined surfaces (te Pas,
Rogers, & Ledgeway, 2000). Although their stimuli
were defined by different cues, both Curran and John-
ston (1996) and te Pas et al. (2000) report that the 3-D
curvature contrast effect was of the same order of
magnitude, suggesting that the phenomenon is actually
shape-based, not cue-based. The biases, which are heav-
ily dependent on the ratio of the surround curvatures,
can easily add up to 30% of the reference curvature.
In order to measure such a 3-D curvature contrast
effect, one necessarily has to use stimuli that contain
second-order shape information. However, there is
some discussion in the literature as to whether the
visual system can access second-order, or even first-or-
der, information directly. In the stereo domain, for
instance, Lunn and Morgan (1997) have demonstrated
that although second-order information (disparity cur-
vature) seems to be accessible, observers tend to use
zeroth-order information (disparity) to infer second-or-
der structure whenever such information is available.
Rogers and Cagenello (1989) suggested that disparity
curvature might be derived indirectly from the differ-
ences in the curvature of corresponding line elements in
the two eyes.
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Curran and Johnston (1996) demonstrate that the
3-D curvature contrast effect that they report cannot be
induced by luminance or luminance contrast informa-
tion. They conclude that the effect must therefore be
induced by second-order luminance information. How-
ever, this does not mean that the effect is necessarily
induced by second-order shape information. Curvature
could still be inferred indirectly from either zeroth-or-
der (depth) or first-order (slant and tilt) shape informa-
tion. te Pas et al. (2000) ruled out the absolute disparity
range and disparity gradient range as causal factors.
They increased the absolute disparity range and dispar-
ity gradient range in the stimulus by putting the induc-
ers and the test stimulus in different depth planes and
in different orientations; these adjustments had no ef-
fect on the results. However, the relatie depth or
disparity range might still be sufficient to induce a 3-D
curvature contrast effect.
The aims of the present study are threefold. First of
all, we want to investigate whether a similar 3-D curva-
ture contrast effect can be found in structure-from-mo-
tion-defined stimuli. If we can report a contrast effect
of the same order of magnitude for stimuli that are
defined by yet another cue, this would strengthen the
argument for a shape-based phenomenon. Secondly, we
want to investigate the nature of the 3-D curvature
contrast effect. Is it really an effect of curvature, or can
the same effect be induced by first-order (slant and tilt)
or even zeroth-order (depth) shape information alone?
We created a set of zeroth-, first- and second-order 3D
inducers to help us address this question. Lastly, we will
look at whether curvature discrimination thresholds are
affected by variations in the surround.
2. Experiment 1
2.1. Methods
The stimuli that we use are defined by structure-
from-motion. Approximately 500 sparse random dots
are distributed over the surface of a stimulus. White
dots are presented on a dark screen. By simulating a
surface rotation of 30° back and forth around a vertical
axis, we create a powerful illusion of a surface that
extends in depth.
Schematic examples of the stimuli are shown in Fig.
1. Stimuli consist of a small central paraboloid with a
high curvature surrounded by a large paraboloid of
smaller curvature. The central paraboloid subtends ap-
proximately 9.15° of visual angle. We slightly ran-
domise the angular size to make sure that the absolute
depth of the central paraboloid is not a strong cue. The
surround subtends 22.6° of visual angle. The curvature
of the central reference paraboloid is either 36.6/m or
76.6/m. We vary the curvature of the central test
paraboloid around the curvature of the central refer-
ence paraboloid in order to obtain a psychometric
curve. The curvature of the reference surround can be
either 15.25/m or 45.75/m. The curvature of the test
surround is 15.25, 30.5 or 45.75/m. Thus, we have six
different combinations of reference and test surround
curvatures. We divide the test surround curvature by
the reference surround curvature to obtain the sur-
round curvature ratio.
From previous experiments (te Pas et al., 2000), we
know that it is this ratio that determines the size of the
curvature contrast effect. We have two sets of stimuli
with a surround curvature ratio of 1, one set where
both surround curvatures are low (Fig. 1C) and one set
where both surround curvatures are high (Fig. 1D). In
total, we have 12 conditions in Experiment 1: two
central reference curvatures times six surround curva-
ture ratios.
The task of the observers is to determine whether the
curvature of the first or the second central paraboloid is
higher. The observers are explicitly told that the sur-
round does not contain any information that they need
for their task. We use the method of constant stimuli to
determine a psychometric curve. For each condition, we
vary the value of the central test curvature around the
Fig. 1. Experiment 1: Schematic representation of the stimuli. We use
two different test surround curvatures and three different reference
surround curvatures, resulting in six different surround curvature
ratios. The surround curvature ratio is A: 1/3. B: 2/3; C: 1; D: 1; E:
2; F: 3.
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Fig. 2. Overview of the experimental set-up. Subjects were seated 50 cm in front of a Radius PressView 21 monitor with their heads in a chin-rest.
Stimuli were generated on an Apple Power Macintosh 9600/300 computer.
value of the central reference curvature. We present 10
different central test curvatures for each of the 12
conditions. These 120 trials are all presented randomly
in one session that takes on average 20 min to measure.
Each observer runs 15 of such sessions, which brings
the total amount of measuring time per observer to
about 5 h.
The psychometric curve provides us with a point of
subjective equality (PSE) and an 84% correct threshold
(the slope of the curve) for each condition. If there is no
effect of the surround, the PSE should be equal to the
curvature of the central reference paraboloid. Thus, the
interesting parameter in this experiment is the differ-
ence between the PSE and the central reference curva-
ture, namely the bias. We present our results in terms of
this bias, which we define as follows: bias=PSE−cen-
tral reference curvature. We define the curature dis-
crimination threshold as the 84% correct threshold that
we obtain from the psychometric curve.
Six naı¨ve observers participated in Experiment 1 (BS,
DB, FS, JP, RH and RK). All observers had normal or
corrected-to-normal visual acuity. The observers were
seated in a dark room, 50 cm in front of a Radius
PressView 21 monitor with their heads in a chin rest to
prevent head movements. Stimuli were viewed monocu-
larly to prevent conflicting stereo cues. A schematic
overview of the experimental set-up is shown in Fig. 2.
2.2. Results
Fig. 3A shows the bias as a function of surround
curvature ratio averaged over all six observers. Black
bars denote results for a central reference curvature of
76.6/m; white bars denote results for a central reference
curvature of 36.6/m. We have analysed the results using
a 3 by 3 factorial analysis. Our results show that there
is no main effect of central reference curvature
(F(1,11)=0.71; P=0.40). From Fig. 3A, we can
clearly observe an effect of surround curvature ratio:
when the test surround curvature is smaller than the
reference surround curvature (ratio1), the central test
paraboloid is perceived as more curved than the central
reference paraboloid and vice versa (F(5,11)=18.6;
P=0.0001). When the test and reference surround cur-
vature are equal (ratio=1), there is hardly any bias.
There is no interaction between the central reference
curvature and surround curvature ratio (F(5,11)=1.50;
P=0.20).
Fig. 3B shows curvature discrimination thresholds as
a function of surround ratio averaged over all six
Fig. 3. Experiment 1. (A) Bias (PSE-central reference curvature) as a
function of surround curvature ratio. (B) Curvature discrimination
thresholds as a function of surround curvature ratio. Results are
averaged over six subjects. Black and white bars are results for central
reference curvatures of 76.6/m and 36.6/m, respectively.
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Fig. 4. Experiment 2. Schematic representation of the stimuli. Equiv-
alent surround curvature ratio is 3. (A) Zeroth-order stimuli. (B)
First-order stimuli. (C) Second-order stimuli.
use cones as surrounding inducers. We take the average
slant of the 2D projection of the paraboloids in the
second-order condition to define the slant of the cones
in the first-order condition. For the zeroth-order condi-
tion, the surrounding inducers are depth planes. These
are chosen at the average depth of the 2D projection of
the paraboloids in the second-order condition. Fig. 4
shows a schematic representation of the different stimu-
lus sets we use in Experiment 2.
We present the results of the first- and zeroth-order
conditions in terms of equivalent curvature. For Exper-
iment 2, we define the equivalent curvature of a cone as
the curvature of a paraboloid with the same aerage
slant. The equivalent curvature of a depth plane is the
curvature of a paraboloid with the same aerage depth.
Six naı¨ve observers participate in Experiment 2 (AD,
CG, CL, LW, MK and PL). All observers have normal
or corrected-to-normal visual acuity. The experimental
set-up is the same as in Experiment 1. Again, the task
of the observers is to determine whether the first or the
second central paraboloid had the higher curvature.
For each of the nine conditions, we obtain a psycho-
metric curve, which gives us a bias and a curvature
discrimination threshold. We present 12 different cen-
tral test curvatures for each of the nine conditions.
These 108 trials are all presented randomly in one
session that takes on average 18 min to measure. In
total, 15 of such sessions are measured, leading to a
total of about 4.5 h measuring time per observer.
3.2. Results
Results averaged over all six observers are presented
in Fig. 5. Fig. 5A shows the bias as a function of
surround order. White, grey and black bars denote
surround curvature ratios of 1/3, 1 and 3, respectively.
There is a clear main effect of surround curvature ratio
(F(2,8)=27.4; P=0.0001): Biases for surround curva-
ture ratios 1/3 and 3 are clearly opposite in sign, and
they reveal a contrast effect. Results also show a clear
interaction between surround curvature ratio and sur-
round order (F(4,8)=3.73; P=0.010): there are clear
biases for second- and first-order stimuli, but there is
almost no bias for zeroth-order stimuli. This effect is
entirely captured by the interaction; there is no main
effect of surround order (F(2,8)=0.18; P=0.84). A
pairwise comparison shows that the first- and second-
order biases are not significantly different (F(2,5)=
1.02; P=0.37 for the interaction). The zeroth-order
bias is significantly lower than the second-order bias
(F(2,5)=10.85; P=0.00028 for the interaction). How-
ever, the zeroth and first-order biases do not differ
significantly (F(2,5)=2.30; P=0.12 for the
interaction).
Fig. 5B shows curvature discrimination thresholds as
a function of surround order averaged over all six
observers. Black bars show thresholds for a central
reference curvature of 76.6/m; white bars show
thresholds for a central reference curvature of 36.6/m.
There is a clear main effect of central reference curva-
ture on curvature discrimination thresholds (F(1,11)=
25.4; P=0.0001). Curvature discrimination thresholds
increase with increasing central reference curvature.
Although we measured thresholds for only two values
of the central reference curvature, the Weber fractions
are both around 0.4, suggesting that this main effect of
central reference curvature can be accounted for by
Weber-like behaviour. There is no main effect of sur-
round curvature ratio (F(5,11)=1.99; P=0.093) and
no interaction (F(5,11)=1.70; P=0.15).
3. Experiment 2
3.1. Methods
In a second experiment, we set out to investigate the
nature of the 3-D curvature contrast effect. Is it really
a second-order effect (an effect of curvature), or can
similar biases be obtained by inducers that contain only
first-order structure (slant and tilt), or only zeroth-or-
der structure (depth)? We have constructed three sets of
surrounding inducers, a zeroth-order, a first-order and
a second-order set. For the second-order condition, we
have chosen two stimulus combinations that demon-
strated the largest contrast effect in Experiment 1. As a
control condition, we also add a surround curvature
ratio of 1. Thus, the central reference paraboloid had a
curvature of 76.6/m, and the surround curvature ratios
could be 1/3, 1 or 3. For the first-order condition, we
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observers. White, grey and black bars denote surround
curvature ratios of 1/3, 1 and 3, respectively. Curvature
discrimination thresholds are not affected by surround
order (F(2,8)=0.41; P=0.67) or by surround curva-
ture ratio (F(2,8)=1.88; P=0.16).
4. Experiment 3
4.1. Methods
In a third experiment, we want to check whether the
small effect of zeroth-order that we find in Experiment
2 can be enhanced by setting the depth plane at the
maximum depth instead of the aerage depth present in
the paraboloid. We also make the slant of the inducing
cones in the first-order stimuli equal to the maximum
slant present in the paraboloids.
We choose the same stimulus combinations that we
use in Experiment 2, but we leave out all stimulus
combinations with a surround curvature ratio of 1. In
this experiment, the equivalent curvature of the cone
and the depth plane are defined as the curvature of a
paraboloid with the same maximum slant or the same
maximum depth, respectively. Fig. 6. Experiment 3. (A) Bias as a function of surround order. (B)
Curvature discrimination thresholds as a function of surround order.
Results are averaged over six subjects. White and black bars show
results for curvature ratios of 1/3 and 3, respectively.
Fig. 5. Experiment 2. (A) Bias as a function of surround order. (B)
Curvature discrimination thresholds as a function of surround order.
Results are averaged over six subjects. White, grey and black bars
show results for curvature ratios of 1/3, 1 and 3, respectively.
Six naı¨ve observers participated in Experiment 3
(AW, AZ, FP, JS, LS and MR). All observers had
(corrected to) normal visual acuity. The experimental
set-up was the same as in Experiment 1. Again, the task
of the observers was to determine whether the first or
the second central paraboloid had the higher curvature.
For each of the six conditions, we measure a psycho-
metric curve by varying the central test curvature. This
gives us a bias and a curvature discrimination
threshold. We present 12 different central test curva-
tures for each of the six conditions. These 72 trials are
all presented randomly in one session that takes on
average 12 min to measure. In total, 15 of such sessions
are measured, leading to a total of about 3 h measuring
time per observer.
4.2. Results
Results averaged over all six observers are presented
in Fig. 6. Fig. 6A shows the bias as a function of
surround order. White and black bars denote surround
curvature ratios of 1/3 and 3, respectively. The results
show a main effect of surround curvature ratio
(F(2,5)=117.9; P=0.0001): Biases for surround curva-
ture ratios 1/3 and 3 are clearly opposite in sign; they
reveal a contrast effect. Results also show an interac-
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tion between surround curvature ratio and surround
order (F(2,5)=16.6; P=0.0001): there are clear biases
for second- and first-order stimuli and almost no bias
for zeroth-order stimuli. A pairwise comparison shows
that the first- and the second-order biases are not
significantly different (F(1,3)=0.85; P=0.37 for the
interaction). The zeroth-order bias is significantly lower
than both the first- and second-order biases (F(1,3)=
24.3; P=0.0001 and F(1,3)=30.7; P=0.0001, respec-
tively, for the interactions). There is no main effect of
surround order (F(1,5)=1.10; P=0.35).
Fig. 6B depicts curvature discrimination thresholds
as a function of surround order. White and black bars
show surround curvature ratios of 1/3 and 3, respec-
tively. Curvature discrimination thresholds are not af-
fected by surround order (F(2,5)=1.05; P=0.36).
However, curvature discrimination thresholds are
slightly higher for curvature surround ratio 3 than for
curvature surround ratio 1/3 (F(1,5)=13.5; P=
0.00093).
5. Discussion
In Experiment 1 we demonstrate that a clear 3-D
curvature contrast effect occurs for motion-defined
stimuli. The size of this contrast effect depends on the
curvature ratio between the test and the reference sur-
round. The 3-D curvature contrast effect for motion-
defined stimuli is of the same order of magnitude as the
effect reported by Curran and Johnston (1996) for
shading-and-texture-defined stimuli and by te Pas et al.
(2000) for stereoscopically defined stimuli. Biases are
about 30% of the central reference curvature for sur-
round curvature ratios of approximately 3. This sug-
gests that the 3-D curvature contrast effect is present at
a level where the different cues are already combined. It
is likely to be shape-based, not cue-based. Ultimately,
this conclusion will have to be tested by presenting the
surround and central stimuli in different cues, and
investigating whether a similar contrast effect can still
be found.
In Experiment 2, we set out to investigate the nature
of the 3-D curvature contrast effect. We investigate
whether the contrast effect was really an effect of the
second-order structure (curvature) or whether it could
also be induced by first-order (slant and tilt) or zeroth-
order (depth) structure. Besides paraboloids, we used
depth planes (zeroth-order) that are at the same average
depth as the second order paraboloids and cones (first-
order) that have the same average slant as the
paraboloids as inducers. We found a clear contrast
effect of the same order of magnitude for the first- and
second-order inducers. For zeroth-order inducers, there
was only a very small contrast effect. This was signifi-
cantly smaller than the effect of second-order inducers.
In Experiments 2 and 3, we find that the contrast
effect was much smaller when zeroth-order inducers are
used than when first- and second-order inducers are
used. Although not significant, in Experiment 2, the
contrast effect also seems slightly reduced with first-or-
der inducers than with the second-order inducers. One
can argue that any reduction of the effect when first- or
zeroth-order inducers are used can be due to the fact
that we use the aerage slant and depth of the
paraboloids to define the cones and depth planes in
Experiment 2. In Experiment 3, we test whether the
contrast effect for first- and zeroth-order stimuli can be
enhanced by using the maximum depth and slant that is
present in the second-order paraboloids to define the
first- and zeroth-order surrounds. As in Experiment 2,
we find a strong contrast effect with both first- and
second-order surrounds, but a very much reduced con-
trast effect with zeroth-order surrounds. When we use
the maximum slant, we find no reduction of the con-
trast effect for the first-order inducers. This suggests
that the maximum slant present in the stimulus is
enough to evoke the reported contrast effect. The re-
sults make it highly unlikely that direct access to sec-
ond-order shape information is used in this task.
The results of Experiment 1 suggest that the 3-D
curvature contrast effect is shape-based. It seems to be
present at a level where different cues are already
combined. Therefore, we feel justified in concluding
that first-order shape information will be sufficient to
induce the contrast effect in stimuli that are defined by
cues other than structure-from-motion. More specifi-
cally, we feel that although second-order luminance
information was certainly used in the experiments by
Curran and Johnston (1996), first-order shape informa-
tion probably led to the contrast effect for shading-and-
texture-defined stimuli they reported. A similar
conclusion can be drawn with regards to the contrast
effect for stereoscopically defined stimuli reported by te
Pas et al. (2000).
Besides a bias, we also obtained curvature discrimi-
nation thresholds for all conditions. Weber fractions for
curvature discrimination of paraboloids defined by
structure-from-motion are known to be around 0.4 for
a passive observer (van Damme, Oosterhoff, & van de
Grind, 1994). Although we have measured for only two
different central reference curvatures, we can roughly
determine a Weber fraction from the curvature discrim-
ination thresholds in Experiment 1. The crude Weber
fractions that we obtain in this way are also around 0.4.
We found no effect of surround order on curvature
discrimination thresholds. In Experiment 3, we found
that curvature discrimination thresholds for a surround
curvature ratio of 3 were higher than those for a
surround curvature ratio of 1/3. The fact that we did
not find such an effect in Experiment 2 is due almost
entirely to the fact that we included a surround curva-
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ture ratio of 1. If we omit this condition and reanalyse
the data, the difference in curvature discrimination
thresholds between ratio 3 and ratio 1/3 is almost
significant (P=0.058). This means that the difficulty of
the task can indeed be affected by the nature of the
surround.
We conclude that the perceived shape of an object
depends heavily on the nature of the surround. Relative,
rather than absolute, measures determine the nature of
the percept. Furthermore, changes in the slant and tilt
(first-order) of the surround can bring about changes in
curvature (second-order) perception just as readily as
changes in the curvature of the surround. Thus, direct
access to first-order shape information is probably suffi-
cient to infer surface curvature. It is not necessary to have
direct access to second-order shape information.
Acknowledgements
This research was supported by the Netherlands Orga-
nization for Scientific Research (NWO, ALW grant
809-37-005; SGW grant 575-24-004). The authors would
like to thank Erik Kreiter and Mohamed el Kaddouri for
their work on this project.
References
Anstis, S. M. (1975). What does visual perception tell us about
visual coding. In C. Blakemore, & M. S. Gazzaniga, Handbook
of psychobiology (pp. 269–323). New York: Academic Press.
Cornsweet, T. N. (1970). Visual perception. New York: Academic
Press.
Curran, W., & Johnston, A. (1996). Three-dimensional curvature
contrast—geometric or brightness illusion? Vision Research,
36(22), 3641–3653.
Gibson, J. J. (1933). Adaptation, after-effect and contrast in the
perception of curved lines. Journal of Experimental Psychology,
16(1), 1–31.
Graham, M. E., & Rogers, B. J. (1982). Simultaneous and succes-
sive contrast effects in the perception of depth from motion
parallax and stereoscopic information. Perception, 11, 247–262.
Lunn, P. D., & Morgan, M. J. (1997). Discrimination of the spa-
tial derivatives of horizontal binocular disparity. Journal of the
Optical Society of America A, 14(2), 360–371.
Rogers, B. J., & Cagenello, R. (1989). Disparity curvature and the
perception of three-dimensional surfaces. Nature, 339, 135–137.
te Pas, S. F., Rogers, B. J., & Ledgeway, T. (2000). A curvature
contrast effect for stereoscopically defined surfaces. Current
Psychology Letters: Brain, Behaiour and Cognition, 1(1), 117–
126.
van Damme, W. J. M., Oosterhoff, F. H., & van de Grind, W. A.
(1994). Discrimination of 3-D shape and 3-D curvature from
motion in active vision. Perception & Psychophysics, 55(3),
340–349.
